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Neutrino Physics Landscape

Neutrino mass hierarchy
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‘ Neutrino Physics Landscape

* Compelling evidence for

0 Neutrino flavor-changing oscillations 2

A

O (therefore) finite neutrino masses
0 Mixing angles are well measured .

Neutrino mass hierarchy
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* Compelling evidence for

Neutrino Physics Landscape

Neutrino mass hierarchy

2 Neutrino flavor-changing oscillations 2 —— a
O (therefore) finite neutrino masses - :u
0 Mixing angles are well measured m| T L2
 Open questions in v Physics: — ——
0 How many neutrinos? | e e
& Sterile neutrinos ? m2 | ] solar-5x10=eV* |2
0 What 1s absolute scale of v mass ?
0 0

0 How are masses arranged ?

0 Are neutrinos responsible for matter-
antimatter asymmetry ?

QO Majorana or Dirac neutrinos ?
0 [s Lepton Number conserved ?
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Neutrinoless [Double-BeTq{ Decay
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* Observation of Ovp33 would mean
0 Lepton number violation
0 Neutrinos are Majorana particles
O Rate measures (effective) electron neutrino mass

mpgp = ‘Zmz ) Uz'26|
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Experimental Sensitivity
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Experimental Sensitivity

Past and present (~10 kg)
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Experimental Sensitivity

Past and present (~10 kg)

Present and near future (~100 kg)
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Experimental Sensitivity

Past and present (~10 kg)

Present and near future (~100 kg)

Future (~1000 kg)
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Experimental Sensitivity

Past and present (~10 kg)

Present and near future (~100 kg)

Future (~1000 kg)

Dreams ? (~10000+ kg?)
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‘ Ovpp Rate and Neutrino Mass

Phase 5
ovpp space o« Q

rate\ \

Nuclear
matrix element

Effective
neutrino mass

/

= 1/t = G2D(Q,Z) [My )2 <m, >2

<

high Q candidates preferred

/

AN

low background

large phase space| [ / " j .
| ; v 2’\/[\))6 .\"‘«,271 0.90 1.00 1.10
“*1 / continuum\ !
Qvpp peak
< sum electron energy / Q

[2039 keV (76Ge) < 4271 keV (48Ca)]

238 yend at 2.4 MeV
232Th y end at 2.6 MeV

TV~1024-1026 years: large mass and extremely low backgrounds needed (underground labs, ultra

purity materials, active rejection of backgrounds)
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‘ Experimental Sensitivity

Half-life Expected Signal (counts/tonne-year)
5%10 ~100

5%10 ~10

5%10 ~1

5%10 ~0.1

Sensitivity scaling:

Experimental challenge:

_T?/Z}OCE gl \/SOW ce Mass - Time  (phackground-limited)

Bkg - AE

Toh|ecer . Source Mass - Time ~ (background-free)

v Increase Mass (200-1000 kg for current experiments): $$, R&D
v Increase Isotopic Abundance: $$

v Decrease Bkg (ultimately to 2vBf limit): radiopurity, active rejection
v Decrease AE: technology choice

08/13/2015
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‘ Ovpp Isotopes: Figure of Merit

F = GFZCI)(Q,Z)lMOvlz Me? [y'1] (Want as high as possible)
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‘ Ovpp Isotopes: Figure of Merit

F = GFZCI)(Q,Z)lMOvlz Me? [y'1] (Want as high as possible)
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Diverse, Vibrant Program

NLDBD Sub Committee Report to NSAC

2013 2014 2015 2016 2017 2018 2019
| | | | | | |

GERDA Il | i —

EXO200 | N—

MAJORANA e

DEMONSTRATOR
module + INEGEGEEEE——

module 2 NG

CUORE | e —

SNO+ L ———

NEXT I N NEXT NEW

NEXT 100 I———

SUPERNEMO O —
DEMONSTRATOR

[ construction
KAMLAND ZEN | I . Operation

] | | | ] ] |
J.F. Wilkerson 2013 2014 2015 2016 2017 2018 2019
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Detection Techniques

~ - Source external to detector
lonization (NEMO, SuperNEMO)
Tracking & Cal: ~ Crystals:
SuperNEMO GERDA . :
MAJORANA -51
detector

Scintillation Phonons Source internal to detector
Liquid:
b N2 ZEN] CUPID (LUCIFER Bolometer: (most common)
SNO+ LUMINEU, ...) CUORE TS
J.F. Wilkerson
B \\
\
\ B,
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‘ Current State of the Art: 136Xe

—T | /Chimney
/ S Ly Corrugated Tube
) {%/;7:“‘_ - % ,/ Film Pipe
| aidlie s - Vadb “1\_~ Suspending Film Strap
ﬁﬁ _ y %// Photomultiplier Tube O
.s_ A mmm '[\\1' h %OO
éggfglé;?e'; L “1 [[[“. — Buffer Oil OO
oA S 71N, Outer Balloon
1 kton ’ , \(13mdiameter) Avalanche
# Ty ' { z;ngé za(lili‘;z?eter) Photodiodes
_‘Lﬁ'— Al e = ﬂi . = | la
KamLAND-Zen (Japan) EXO-200 (USA)
Xe-doped liquid scintillator LXe TPC L
383 kg of enriched 13¢Xe 200 kg of enriched *°Xe
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‘ Current State of the Art: 136Xe
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EXO-200 (USA)
Nature 510, 229 (2014)
T1/2(136Xe)>1 1x1025 years
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Next-Gen: KamLANDZ2-Zen

Prospects . AND-Zenis a top (e

- - 9 ﬂ %
10 T \ runner and being improved. < A |-
N [
2 A &
~ KamLAND-Zen 89.5 kg-yr 1 N |
2 NME Ml /o N A man g e
g uncertain? <mBB> <160~330 meV @wx%cL
~ ’ ! ! the world best fik !
]02 L - ft f'l : 9 = l. Ai‘- R&D fOF
[ : %ﬂcanon KamLAND-Zen 2nd phase (2013 fall -) ‘ £ i =N J pressurized Xe
i 100 times **°MAg reduction expected B,” @
1 b
~= 2015 = KamLAND-zen 600kg - >
) o \\__7/ b R&D for
FutMlan with clean mini-balloon ¢ Y7 scintillation film
J# KamLAND2-Zen : high QE PMT, high
- . [
yleld LS, light c:ncentrat(;r R&D for BY/ y discrimination
10 dream? Oe(2.6Mev)=4%-> <2.5% : (high sensitivity imaging)
[ > T Super-KamLAND-Zen
0 e .
9 ! 2fs 144Ce
0 19 £ Nal
IsoDA
«PLANCK water or LS A Y CdWO4
1111 d 1 |1 |I|II| | Xenon-LS ¢ \\;
102 108 " normal LS s
Em, [meV] N . . Various low BG
precision anti-neutrino physics

N measurement can be
p—>VK™ is also possible. accommodated.

From: K. Inoue
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Next-Gen: nEXO

* 5tonnes of #""Xe
* nEXO 5yr 90% CL sensitivity: T, > 6.6-10%7 yr

* LXe homogeneous imaging TPC similar to EXO-200:
- baseline: install at SNOLAB (cosmogenic background reduced wrt EXO-200)
- simultaneous measurement: energy, spatial extent, location, particle ID
- Multi-parameter approach improves sensitivity: strengthens proof in case of discovery
-inverted hierarchy covered with a well proven detector concept
-possible later upgrade for Ba retrieval/tagging: start accessing normal hierarchy

Deeper into fiducial volume >
‘ Single-site,
Mainly signal,
2v and Ov
EBZV . .
. I o Multi-site,
g‘ — Summed Backgrounds
§ : ::l: :n (iathcde M a i n |y
ackgrounds
— External Backgrounds backg rou nd
0 — LXe grounds
(keV) gy (keV) (keV)
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‘ Next-Gen: High-Pressure 13¢Xe TPC

Main Cylindrical Vessel
Torispheric Heads

Energy Plane, PMTs
Cu Shield

EL mesh planes
Cathode Tracking Plane, SiPM

EL HV FT. - Cu Shield

Vac. Manifold 4
PMT FTs » |

Insulator
Cu Shield Bars
Shielding, External, Cu on Pb

NEXT (Spam). Electro-luminescence HPXe TPC PANDA-X III (China): Electron HPXe TPC
10 kg (2015), 100 kg (2017), to tonne 200 kg (2017) to 1 tonne

= HV/Press relief/Flow/Vac. Ports™

(3]
o

F1% FWHM @ 662 keV!
- — 0.5%at Qgp

Key features:

* Event topology (background
suppression, kinematics)

* Good energy resolution
(significantly better than
LXe)

Counts per keV
Y
)

1.0% FWHM

(2]
[=]
T

N
o
T

Y
o
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H++\ A Hﬁw uhit st ) A
Q00670620 630 640 650 660 670" 680" 690" 00
Calibrated S2 Charge (keV)
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‘ Current State of the Art: 7°Ge

Radon Veto Poly
Enclosure Panels Shleld ! i,,’ i

jiSimti

Inner ,:}_,___>
Cu ]
Shield

Outer
Cu

Shield ‘ B
Py ————

water tank (part of muon detector)

— 1 1 T T T -l--l-

GERDA (Italy) MAJORANA DEMONSTRATOR (USA)
Enriched HPGe array Enriched HPGe array
LAr active shield High-purity electroformed Cu shield
18 kg of enriched 7Ge (Phase I) 30 kg of enriched 76Ge
40 kg of enriched 7Ge (Phase II) 15 kg of natural 76Ge
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‘ GERDA Phase I Results

b 90% lower limit (T%% , ) | etore b > Anti-coincidence with the muon veto
m s | 3> Anti-coincidence between detectors:
suppression of Multi Site Events (MSE)
:g respect to Single Site Events (SSE)

> Pulse shape discrimination (PSD)

IIIIIIIIIIII

---------------- background interpolation- - - ¥

counts/(2 keV)
T TI [T

g Signal Backgound
@

SSE : MSE

- 210 K6V

1900 1950 2000 2050 2100 2150

g @
ene%‘;0 [keV] ®© O & Q Q
T ,>2.1-10% yr @ 90% C.L. (Frequentist) Q Q Q Q

T >3.0-10% yr @ 90% C.L.(GERDA+IGEX+HdM)

Inconsistent with controversial discovery claim [PL B586, 184 (2004)]

GERDA Collaboration, PRL 111 (2013) 122503
Eur. Phys. J. C (2014) 74:27 64
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| Future 7°Ge Experiment

 MAJORANA and GERDA are working towards the establishment of a single
international 7Ge Ovpfp collaboration

e Envision a phased, stepwise implementation;
e.g. 250 — 500 — 1000 kg
5 yr 90% CL sensitivity: Ti/2> 3.2-10% yr
10 yr 3o discovery: Ti2~ 3-10%7 yr

 Moving forward predicated on demonstration of projected backgrounds
by MJD and/or GERDA

J.F. Wilkerson

Compact shield Cryogenic shield
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‘ 130Te: SNO+

SNO+ w111 replace SNO D,0O with 780 tonnes of LAB, loaded with nTe
= 1 Phase I (2017-): 160 kg 130Te (fiducial volume)

* Scintillator running begins mid-2016

* 0.3% Te loading begins early 2017

Phase II: 2.2 tonnes 130Te

* 3% loading of Te (already demonstrated)

* Increased light yield (PMT upgrade,
wavelength shifter)

* Containment bag for Te fiducial volume

p
£ 50 - 120 B 0055 (200 meV) 2390 B 0055 (200 me)
£100 I 2vpB 3
S = . . 288
) [ 80 B U Chain > 300 :
£ N . £ B U Chain
S 40 = 60 1/ I Th Chain B Th Chain
40 B (an) 8
= 2 0 S 50 B o0
7 [ t ’
u?\ﬂ S 0 B B Er][;; 0 [ External
= 30 22242628 z Bl °BvES
=] I Cosmogenic g 200
S Tsp (MeV) . 2 I Cosmogenic
&) — Residual S

20

0
0

2.2 23 24 25 26 2.7 %8 (iiiwg 99 23 24 95 26 27 25 29 3

i Tss (MeV)

SNO+ Phase 1 SNO+ Phase 11
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THEIA: multi-purpose v detector

G.D. Orebi Gann

Concept paper: arXiv:1409.5864

________________________________________________________________________________________________________________________________________________________|
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THEIA: multi-purpose v detector

G.D. Orebi Gann

Compton edge normalized LY vs LAB concentration(%)

0.8
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0.4

Compton edge normalized LY
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0.2

n ' L 1 L L L | L L L | L L L 1 L L " | "
0 20 20 60 80 100
LAB concentration(%)

Light yield as a function of LS
fraction, D. Jaffe et al., BNL

Concept paper: arXiv:1409.5864
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THEIA: multi-purpose v detector

G.D. Orebi Gann

Compton edge normalized LY vs LAB concentration(%)
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LAB concentration(%)
Light yield as a function of LS
fraction, D. Jaffe et al., BNL
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; 10 E nat
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: - -~ 36CL
-
E 2
T 10
-3 E
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= 1
S E

10 ==

: Normal,ml—)O ~]
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THEIA: multi-purpose v detector

G.D. Orebi Gann
Compton edge normalized LY vs LAB concentration(%)
%2 1
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£ 2
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-3 E
= C
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) L
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Concept paper rX|v I 409 5864

vl vl vl vl vl vl vl vl v
2 3 4 5 6

10 10 10 10 10 10 10 10 10 mmm
130

08/13/2015 NuFACT-201 Te exposure (kg y) 13

-




20

THEIA: multi-purpose v detector

G.D. Orebi Gann

Compton edge normalized LY vs LAB concentration(%)

Water-based liquid scintillator:
separation of Cherenkov and
scintillation signals
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£ F
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THEIA: multi-purpose v detector

G.D. Orebi Gann

N ”»
‘ Compton edge normalized LY vs LAB concentration(%)

ﬂ Water-based liquid scintillator:
- separation of Cherenkov and
scintillation signals

0.8

o
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I|l|||l|||||||||

Compton edge normalized LY

Reject dominant background o2
from solar neutrinos D e SO -
Light yield as a function of LS
fraction, D. Jaffe et al., BNL
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S S e e K r
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m33—15meV |n 10 yrs 7
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THEIA: multi-purpose v detector

G.D. Orebi Gann
: Compton edge normalized LY vs LAB concentration(%)
*1 Water-based liquid scintillator: ¥ |
. g 08—
- separation of Cherenkov and : L
scintillation signals e
g 0.4:—
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LAB tration(%)
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50kt detector = o0 mMEY R cL BB ety
E I T — 3cCL
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. z 10
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B e e K r
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130Te: CUORE

Array of 988 TeO, cryogenic bolometers

19 towers suspended in a cylindrical structure

13 levels, 4 crystals each
5x5x5 cm?3 (750g each)

130Te: 33.8% natural isotope abundance
750 kg TeO2 => 200 kg 13Te

New pulse tube refrigerator and cryostat:

= Coldest m3 in Universe (~10 mK)

Radio-purity techniques and high resolution achieve low

backgrounds

Joint venture between Italy (INFN) and US (DOE, NSF) "

Under construction (expected start of operations by end

of 2015)

Expect energy resolution of 5 keV FWHM and
background of ~0.01 counts/(kg*keV*year) in ROI

08/13/2015

NuFACT-2015, Rio de Janeiro
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Cuoricino
2003-2008
|l kg 3°Te

Complete

08/13/2015

The CUORE Program

CUORE-O

20132015 2015-2020

1 kg '3Te 206 kg '*Te
Operating Under Construction
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CUORE-0

» First tower from the CUORE detector assembly line

» 52 TeO, crystals, total mass = 39 kg TeO, = 10.9 kg '30Te

» Purpose:
|. Commission assembly line
2. Run as standalone experiment while CUORE is being
constructed, with aim of surpassing Cuoricino
3. Validate CUORE detector design
4. Provide test bed for developing DAQ & analysis
framework for CUORE

» Operating in former Cuoricino cryostat since March 2013

08/13/2015 NuFACT-2015, Rio de Janeiro Yury Kolomensky: 0vB[3
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Energy Resolution

Bolometer-dataset FWHMs @ 2615 keV

© -
N s E
— Q — .
%‘ o 4501 : E Cuoricino
& gaooE- - CUORE-0
“1v  CUORE-0 Gasof-

10 Preliminary so0f- | |
S ) - :
2 10’ e B =
\n - ]
<) 200 :
= 1078 =
Z 150 — :
S ] - .
O 10 —e— Summed calibration data Hica, 3 00 | CUORE-0

Projected fit f S o ..
1 sof- i| Preliminary
VL T o v N e T Wi b E L H L sl o o T NP I PRI TR S
2560 2570 2580 2590 2600 2610 2620 2630 2640 2650 % s 0 T 0 35 3 35 20
Reconstructed Energy (keV) Energy [keV]

FWHM harmonic FWHM dist

mean (keV) RMS (keV)

Weight FWHMs
by corresponding o
physics exposure Cuoricino 5.8 2.1

CUORE-0 4.9 2.9

» We evaluate the energy resolution for each bolometer and dataset by fitting the
208T| photopeak in the calibration data

» We achieved the 5 keV resolution goal of CUORE!

08/13/2015 NuFACT-2015, Rio de Janeiro Yury Kolomensky: 0vB[3
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Backgrounds

CUORE-0

= . — Cuoricino
g Prelimina —
gJ i == CUORE-0
> St
D o,
=4 B
g m SR
= e
o oo o
2, i i
8 S SR m%
a1 S mmmmﬁm s s %
= e e B A
(] T, pooco s
S - e
100 2000 3000 4000 5000 6000 7000
Energy [keV]
Experiment Background rate (counts/keV/kgly)
Cuoricino 0.169 £ 0.006 0.110 £ 0.001
CUORE-0 0.058 + 0.004 0.016 £ 0.001
08/13/2015 NuFACT-2015, Rio de Janeiro Yury Kolomensky: 0vB[3
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08/13/2015

CUORE-0 Results

Residual[o]
PN O—=NW A

18- NDF = 43.9/46 — Best Fit To2s5 g
= =43, . ] .
16E XCU ORE.O 7527 5 keV | — 90% CL Limit ] S
> l4gr o -- Flat Background | 402 &
2 12 Preliminary - 3,
[@\] — ]
= 10 = 0.15 E
§ " Ho1 &
“ ThlLd 2
SETITIITTHRL 7770 H0.05
T §

| | | |
?470 2480 2490 2500 2510 2520 2530 2540 2550 2560 257(8)
Reconstructed Energy [keV]

arXiv:1504.02454
Accepted to PRL

Fitted background: 0.058 + 0.004 (stat.) = 0.002 (syst.) counts/keV/kg/yr

Best-fit decay rate: T/ (130Te) = 0.007 £ 0.123 (stat.) £ 0.012 (syst.) x 10724 yr!

A8 (130Te) < 0.25 x 1024 yr!

90% C.L. limits (Bayesian): ovsi
T,,""(13Te) > 2.7 x 10 yr

CUORE-0+Cuoricino limit: Ty, (**Te) > 4.0 x 10> yr (90% C.L.)

NuFACT-2015, Rio de Janeiro

Yury Kolomensky: OV[3
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‘ CUORE Status and Sensitivity

* Detector: all towers assembled, in underground storage

* Cryostat and dilution unit: commissioning, reached 6 mK base
temperature

* Expect to start operations by the end of the year

* 5S-year sensitivity: T12(130Te)>9.5x102° years, mpgp<52-120 meV

'] = = = Cuoricino B S

"Ge 90% exclusion
(GERDA+HDM+IGEX) (EXO-200/

------- CUORE-0 - bkg: 0.05 cts/(keV kg y)
CUORE - bkg: 0.01 cts/(keV kg y) """""""""

1026 PR

[y] lo Sensitivity

172

T

-

S
>

Ov

-1 0 1 2 3 4 5 6 7 - - - ]
. . 10 107 102 107!
Live time [y] Mygies[€V]

08/13/2015 NuFACT-2015, Rio de Janeiro Yury Kolomensky: 0vB[3



28

CUORE Upgrade with Particle ID (CUPID)

R. Artusa et al., Eur.Phys.J. C74, 3096 (2014)

White papers: arXiv:1504.03599 & arXiv:1504.03612

Next-generation bolometric tonne-scale experiment

Based on the CUORE design, CUORE cryogenics

988 enriched (90%) crystals, PID with light detection
0 4 crystals considered:

%~ TeOz : phonons + Cherenkov detector

&~ Options: ZnSe, ZnMoO4, CdWO4 (phonons+scintillations)hiemI N

Sensitivity to entire IH region
¢~ CUORE geometry and background model
&~ 99.9% o rejection @ >90% signal efficiency
& 5 keV FWHM resolution

& Challenge: nearly zero background measurement:
(ton-year)

& Half-life sensitivity (2-5)x10%7 years in 10 years (30)
& mpgp sensitivity 6-20 meV (30)

Subject of focused R&D effort in next 2-3 years

copper thermal

shields
internal lead
disk \
ethvl internal copper
gﬁié’ﬁi ylene shield

IPERREN|

external lead

[ITIITTL
S R R R

988 bolometers

Light Detector

Light
Thermometers
Energy
release *
Scintillating
-
bolometer

08/13/2015 NuFACT-2015, Rio de Janeiro Yury Kolomensky: 0vB[3
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82Se: SuperNEMO

*Thin foil with tracking and calorimeter, based on successful NEMO3 detector.

*Planar and modular design: ~ 100 kg of enriched isotopes
(20 modules x ~5-7 kg)

eStarting with single Demonstrator module, (7 kg of 82Se) to show scalability

*Tovin > 6.5x10%*y = (mv) <0.20-040eV @ (90 % C.L.)
*SuperNEMO

* |00 kg of 8Se running for 5 years

20 Modules 100 kg

eTovin> | x 1026y (90 % C.L) (mV) < 40-100 meV
*Tovin =2 x 102y (50)
Demonstrator (1 module):

Source (40 mg/cm?) 4 x 3 m?

Tracking : drift chamber ~2000 cells in
Geiger mode

Calorimeter: scintillators + PMTs
~550 PMTs+scint. blocks
Passive water shield

08/13/2015 NuFACT-2015, Rio de Janeiro Yury Kolomensky: 0vB[3



30

‘ International OvBS Program

Previous Expts.
Ti2~10%y
(~1eV)

~kg scale N

Quasi-degenerate

Ti2~10%-10%y
(~100 meV)
30 - 200 kg

~8 expts

1980 - 2007 2007 - 2017 2015 - 2025
J.F. Wilkerson

08/13/2015 NuFACT-2015, Rio de Janeiro Yury Kolomensky: OVp[3
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‘ International OvBS Program

If OvBp observed

7

1980 - 2007 2007 - 2017 2015 - 2025
J.F. Wilkerson

08/13/2015 NuFACT-2015, Rio de Janeiro Yury Kolomensky: 0vB[3

>



30

‘ International OvBS Program

Previous Expts.
Tiz~1024y
(~1eV)
~kg scale

1980 - 2007 2007 - 2017 2015 - 2025
J.F. Wilkerson

. ________________________________________________________________________________________________________________________________________________________________________________________|
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‘ International OvBS Program

Previous Expts.
Ti2~1024y

(~1eV)
~kg scale

If Ovpp
Observed

1980 - 2007 2007 - 2017 2015 - 2025
J.F. Wilkerson

. ________________________________________________________________________________________________________________________________________________________________________________________|
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‘ International OvBS Program

1980 - 2007 2007 - 2017 2015 - 2025
J.F. Wilkerson

. ________________________________________________________________________________________________________________________________________________________________________________________|
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DBD and NeuTrino Mass
///////////////%/f%/ﬂ%%////////////// 7)) 777 )

‘¥ Near future experiments

My pes (€V)

mgs =| Y m;- U]
)

Yury Kolomensky: OVp[3

NuFACT-2015, Rio de Janeiro

08/13/2015



‘ DBD and NeuTrino Mass
W7 Y R T 7))
\E/?O 1 | Near future experiments E
i0'4 107 10 mliglgl(l)t_elst V) 10* 107 107 mlhog'hltest V)
mﬁﬁ — |Zm’l Uz2e
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DBD and NeuTrino Mass

) (V) ——

17 7 2 T )
\E/?O : | Near future experiments E

i0'4 107 10 mliglgl(l)t_elst (GV)‘. 10* 107 107 mlhog'hltest V)

Exciting future ahead ! i mgg = | Z m; - U 2-26
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Many Thanks

S. Elliot, B. Fujikawa, J.J. Gomez-Cadenas, G. Gratta,
X. J1,J. Klein, G.D. Orebi Gann, B.Schwingenheuer,
J.F. Wilkerson, L. Yang, and others

________________________________________________________________________________________________________________________________________________________|
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Backup

_______________________________________________________________________________________________________________________________________________________|
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| Possible Evidence: Klapdor et al

* Heidelberg-Moscow Ge experiment
0 11 kg of enriched 7Ge, 72 kg*y exposure

2 Fraction of the collaboration (KKDC) claim discovery
&= Klapdor et al., Phys. Lett B 586 (2004) 198 %131

T=(0.7-4.2)x 102 years (30 C.L.) .
mg; = (0.2-0.6) eV (30 C.L) i
1’1’1[5[3 best= 0.28 CV U

4.20 claim UL

Intriguing, but not universally
accepted. .. iy

probability K [2]

8 & 3 3 8

I I ‘
08/13/2015 NuFACT-2015, Rio ¢ ™ °
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| Possible Evidence: Klapdor et al

* Heidelberg-Moscow Ge experiment
0 11 kg of enriched 7Ge, 72 kg*y exposure

2 Fraction of the collaboration (KKDC) claim discovery
&= Klapdor et al., Phys. Lett B 586 (2004) 198 si}%nal

T=(0.7-4.2)x 102 years (30 C.L.) After pulse shape
mp=(02-0.6)eV 30 C.L) Al analysis

Mgg ey = 0.28 eV N

4.20 claim 27

Intriguing, but not universally
accepted... o

N il Hi

EIJI]{I 2010 2020 2030
Energy, keV

2040 2050
|

08/13/2015 NuFACT-2015, Rio ¢



75Ge vs 130Xe

10%° ———
= |
’a i . . .
S |LGe pgrp_tgl_rlgg______I_ Ass AV A— Diagonal lines represent
NV 1 . .
28 | GERDA Phasel i different matrix element
= i calculations.
claim (20 i
- i 5
! -
: _
: 4
—>
! |
5 |
N | ® |
gz I8
1 .
32 I8
X g i ©
L[> 3
10 1 11 1 1 1 1 11
10%4 10%° 10%°

TOv 136
12 (7 Xe) [yr]
GERDA Collaboration, arXiv:1307.4720
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‘ Near Future: GERDA Phase II

e Target: push T, sensitivity into the 10*° yr range

® Increase the exposure: 20 kg-yr = 100 kg-yr
® Reduce background: 10 cts/keV-kg-yr =107 cts/keV-kg-yr

® Mass increase: +30 enriched BEGe detectors

® already produced (by CANBERRA) and tested (at HADES)
® 5 already tested during Phase I

" “}#@=500 mm

i@ 0x10 background reduction

® new HV and signal cabling with
improved radiopurity and Rn emanation

® new FE electronics

® PSA discrimination with BEGe's

® Liquid argon veto instrumentation to
detect scintillation light

08/13/2015 NuFACT-2015, Rio de Janeiro Yury Kolomensky: 0vB[3
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MJID Overview

« Assembly and construction proceeding at Sanford Davis Campus laboratory.

« Based on assays, material backgrounds projected to meet cleanliness goals.

* Module 1 complete.

« EF copper just completed at SURF and PNNL.

 Shield nearly complete.

« Successful reduction and refinement of e"Ge with 98% yield.

« AMTEK (ORTEC) has produced 29.7 kg within 35 detectors from the
reduced/refined e""Ge. All are underground at SURF being assembled into
strings.

Commissioning Schedule

— Prototype Cryostat: decommissioned
— Module 1 — May 2015, operating

— Module 2 — Late 2015

S. Elliot

08/13/2015 NuFACT-2015, Rio de Janeiro Yury Kolomensky: OV
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| MJD Projected Backgrounds

Background Rate (c/ROI-t-y)

0 0.1 0.2 0.3 04 05 06 0.7 08 0.9 1

Electroformed Cu 0.23
OFHC Cu Shielding
Pb shielding
Cables / Connectors
Front Ends
Ge (U/Th)
Plastics + other
Ge-68, Co-60 (enrGe)
Co-60 (Cu)
Externaly, (a,n) | o010 u Natural Radioactivity
Rn, surface a Cosmogenic Activation
Ge, Cu, Pb (n, n'y) 0.21 .~ External, Environmental
Ge(n,n) 0.17 @ p-induced
Ge(n,y) “ neutrinos

0.63

0.60

direct u + other

v backgrounds Total: 3.5 ¢/ROI-t-y

_______________________________________________________________________________________________________________________________________________________|
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Cryogenlc Bolometers

Smgle pulse example

Baa

* Dielectric diamagnetic materials
* Low temperatures (~10mK)
* Low heat capacity

Signal: AT = E/C ~0.1mK 0 c~2nJ/K=1MeV /0.1 mK
Time constant = C/G

Teflon

Amplitude (a.u.)

100-200 pV/MeV

1000 2000 3000 4000
Time (ms)
Cu Frame

Heat sink G =4 pW/mK

Thermal coupling —

Thermometer

Crystal absorber

Event
(deposited energy

08/13/2015 NuFACT-2015, Rio de Janeiro Yury Kolomensky: 0vB[3
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Cuoricino, the prototype for CUORE

08/13/2015

Gran Sasso National Lab (Italy) Bolometer detectors
Cooled to 10mK

11 modules, 4 detector each,
crystal dimension: 5x5x5 cm?
crystal mass: 790 g
44 x 0.79 = 34.776 kg of TeO»

2 modules x 9 crystals each
crystal dimension: 3x3x6 cm3
crystal mass: 330 g

18 x 0.33 = 5.94 kg of TeO»

NuFACT-2015, Rio de Janeiro

Total detector mass: 40.7 kg TeO, = 11.34 kg 130Te

Yury Kolo
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‘ Cuoricino Results (2010)

Exposure %
=19.6kgy =
8
Resolution: E
FWHM at 2615 keV ~7 keV

Background:
In the BP0V region (large crystals)

=0.153 £ 0.006 counts /(keV kg y)

50

-t -t N N W W P S
(3] o [$)] o (3)] o (3] o (3)]
11T II—I—I—I—O—I—H—IIIII|IIII|IIII|IIII|IIII|IIII

o

— Best Fit
68% CL
— 90% CL

T RRR I }}}}{

E. Andreotti et al., Astr. Phys. 34, 822 (2011)

No peak found
Tovl/z > 2.8)(1024 y at 90% CL

mpp <0.3-0.7¢eV

Spread is due to a range of published matrix elements

08/13/2015

NuFACT-2015, Rio de Janeiro

Yury Kolomensky: OVf
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Residual[O]

Events [/2keV]

Al o—owh

e e e T
N o0 © N B~ O

4
2

— Best Fit
—— 90% CL Limit
-- Flat Background

i A

0.25

0.2

0.15

0.1

0.05

2170 2480 2490 2500 2510 2520 2530 2540 2550 2560

0 M i her

25
Reconstructed Energy [keV]

570

Event Rate [c/keV/kg/y]

» We perform a simultaneous unbinned extended ML fit to range [2470, 2570] keV

» Fit function has three components:
= Calibration-derived lineshape modeling posited 0vff peak fixed at 2527.5 keV
= Calibration-derived lineshape modeling ®°Co peak floated around 2505 keV
= Continuum background

. __________________________________________________________________________________________________________________________________________________________|
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| CUORE Background Model

o . 90% CL limit Bkg GOAL:
CUORE Prellmlnary ® value 0.01 c/keVIkgly
Near Surfaces : TeO, S S S S S S SSSSSS s
Near Surfaces: Cu NOSV or PTFE Mz Ao s Sl S s A S i
Near Bulk:  TeO, SIS ST ST :
Near Bulk: Cu NOSV S S S ST
Cosm. Activ.: TeO, S S S S S S S S S
Cosm Activ: CuNOSV S S S S S s
Near Bulk : small parts S S S S S S S SSSSSSSS
Far Bulk: COMETA Pb top WAawawaaawamAa
Far Bulk: Inner Roman Pb WA
Far Bulk: Steel parts S S
Far Bulk: Cu OFE S S S S S
Environmental: muons o
Environmental: neutrons e
Environmental: gammas S S S :
0.01 0.1 1 10 100
Counts/ROl/tonly

R. Artusa et al., “Projected background budget of the CUORE experiment”, in preparation

_______________________________________________________________________________________________________________________________________________________|
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| CUORE Background Model

o . 90% CL limit Bkg GOAL:
CUORE Prellmlnary ® value 0.01 c/keVIkgly
Near Surfaces : TeO, S S S S S S SSSSSS s
Near Surfaces: Cu NOSV or PTFE Mz Ao s Sl S s A S i
Near Bulk:  TeO, SIS ST ST :
Near Bulk: Cu NOSV S S S ST
Cosm. Activ.: TeO, S S S S S S S S S
Cosm Activ: CuNOSV S S S S S s
Near Bulk : small parts S S S S S S S SSSSSSSS
Far Bulk: COMETA Pb top WAawawaaawamAa
Far Bulk: Inner Roman Pb WA
Far Bulk: Steel parts S S
Far Bulk: Cu OFE S S S S S
Environmental: muons o
Environmental: neutrons e
Environmental: gammas S S S :
0.01 0.1 1 10 100
Counts/ROl/tonly

R. Artusa et al., “Projected background budget of the CUORE experiment”, in preparation

CUORE background goals now demonstrated
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Counts / 4 eV bin

70

60

50

40

30

20

Cherenkov Detection in TeO>

150
W-TES W-TES =
n carrier crystal [}
- =

= L \ > 100
L=, \o \ 2,
” . ~ A\\ Lo
v | G

L [ )RS 1 - \ r 50
2
-

TeO, crystal light detector

130 eV @2615 keV

B/y

60 80
Light yield [eV/MeV]

K. Schaeffner et al, Astrop. Phys. 69, 30 (2015)

data

1.28 o contour lines

— 3.10 o contour lines

s | 1 | 1 1 1 1 I 1 L 1 I 1 1 1 1 1 1 1

5000 6000

Energy[keV]

1000 2000 3000 4000

Event-by-event a/f8 discrimination
requires light detectors with ~15-20 eV
resolution

TES-based light detectors: promising start
CRESST/LUCIFER: W-based detectors
US (Berkeley/Argonne): bilayer TES

08/13/2015

NuFACT-2015, Rio de Janeiro

Yury Kolomensky: 0vB[3
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Scintillating Bolometer R&D

LUCIFER @ LNGS: Zn?2Se

Light detector

N >
“lonization coincidences” between '8‘"\0(\ H
Ge light detector and ZnSe (é\(\ .ot

—_
(=23
(=]

Copper holder

—_
b
[=]

[
(=]

Scintillating crystal

Emitted Light [keV]
g

[e2e]
(=]

< Reflecting foil

h <—PTFE

5 3
JJIIIII‘ILIII||J||||||III|III|III
% .

. %

.
gt sl

T

Thermometer

-
11 1 | I-] | I | N I I 11 1 I 111 1 I 11

1000 2000 3000 4000 5000 6000
Heat in ZnSe [keV]

LUMINEU & LUCINEU: Zn'%MoO4

Smeared o source

1 e R A e o 1o

: Y/B

o Discrimination without
light detection @ 14 o

Y |
500 1000 1500 2000 2500 3000 éSOCII 4000
Energy [keV]

Shape thermal pulse g fau;
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